Several in vitro methods have gained regulatory acceptance for the prediction of skin irritation and corrosion. However, the test guidelines for the majority of in vitro methods do not state whether they are applicable to agrochemical formulations. Hence, we would like to share the results from our routine skin corrosion and irritation testing of agrochemical formulations in which both in vitro (according to OECD TG 431 and OECD TG 439) and in vivo (according to OECD TG 404) tests were conducted as regulatory requirements. The in vitro skin irritation test did not correlate well with the CLP classification by in vivo results (44% sensitivity, 60% specificity, and 54% accuracy, based on 65 data pairs). This indicates a lack of applicability of the current protocol of the in vitro skin irritation test for agrochemical formulations. The data set did not contain formulations which were skin corrosive in vivo and hence its applicability could not be assessed. The correlation of in vitro skin corrosion testing to formulations which were not corrosive in vivo was, however, high (95% specificity based on 81 data pairs).
Introduction
Agrochemical formulations are complex mixtures that are composed to optimize biological activity of the active ingredient(s). In addition to optimizing the biological activity on the target organism, formulation of the active ingredient can also improve handling, storage, application and safety properties (Curran and Lingenfelter, 2009 ). An agricultural formulation typically includes ingredients such as solvents, mineral clays, stickers, wetting agents, dispersing agents, antifoam agents, bactericides or other adjuvants.
For the registration of an agrochemical formulation, a skin irritation assessment is one of the requirements of the acute toxicity data package. While some in vitro methods that address skin irritation and corrosion (e.g., OECD TG 439 and 431) have gained regulatory acceptance, the Draize rabbit skin test (OECD TG 404) is currently the only test that has world-wide regulatory acceptance to assess skin irritation. The majority of in vitro method test guidelines have been adopted without knowledge about applicability of the methods to agrochemical formulations as the required data to draw a conclusion of the (non-)applicability of a method for many specific substance or product class is typically not available at that stage. Hence, we present here the comparison of the results of in vitro skin irritation and corrosion data to in vivo skin irritation data collected for a total of 92 agrochemical formulations.
Materials and methods

Materials
For registration purposes agrochemical formulations were tested in the in vivo rabbit skin irritation tests (OECD TG 404) . Using a tiered approach the materials were tested in the in vitro skin corrosion test (SCT; OECD TG 431) and/or in vitro skin irritation test (SIT; OECD TG 439) before subjected to in vivo testing (OECD, 2014) . Identical batches of all tested materials were used in both tests. To provide a comprehensive analysis the data shown here includes the Abbreviations: AAALAC, Association for Assessment and Accreditation of Laboratory Animal Care; Cat, Category; CLP, Classification, Labelling, and Packaging, European GHS Regulation (EC) No. 1272 /2008 (EU 2008 ; EURL ECVAM, European Reference Laboratory European Centre for the Validation of Alternative Methods; GLP, good laboratory practice; IATA, integrated approaches for testing and assessment; C, corrosive; DSD, EU Dangerous Substance Directive Classification 67/548/ EEC (EU 1967); I, irritant; L, liquid; n/a, not available; NC, not corrosive; NI, nonirritant (not classified according to UN GHS); OECD, Organization for Economic Cooperation and Development; RhE, reconstructed human epidermis; S, solid; SD, standard deviation; TG, test guideline; UN GHS, United Nations Globally Harmonized System (UN 2015) .data previously published in Kolle et al. (2013) .
In vivo and in vitro skin irritation and corrosion tests
Rabbit skin irritation data for the agrochemical formulations was collected for regulatory purposes over the past approximately 15 years using the Draize rabbit skin irritation test (Draize et al., 1944) and modifications thereof (OECD TG 404) . No in vivo studies were conducted for this study. The assays were performed in an ALAAC and GLP certified BASF SE laboratory or subcontracted. All in vivo tests were performed with consent and provisions of the German animal welfare regulations.
The in vitro skin irritation (OECD TG 439) and in vitro skin corrosion (OECD TG 431) using reconstructed three-dimensional human epidermis model EpiDerm™ (MatTek Corporation, Ashland, MA, USA and MatTek In Vitro Life Science Laboratories, Bratislava, Slovak Republic). Details of the protocols of the in vivo and in vitro skin irritation (SIT) and corrosion tests (SCT) have been published in Kolle et al. (2013) .
The corrosive potential of the test materials was predicted from the mean relative tissue viabilities obtained after 3 min exposure compared to the negative control tissues. A material was considered ''corrosive'' if the mean relative tissue viability after 3 min exposure with a test material was less than to 50%. In addition, those materials with a viability of 50% after 3 min exposure were considered ''corrosive'' if the mean relative tissue viability after the 1 h exposure with a test material was less than or equal to 15%.
The irritation potential of the test material was predicted by comparing the mean relative tissue viabilities of the test material treated tissues to those of the negative control tissues. A test material was considered ''irritant'' if the mean relative tissue viability with a test material was less than or equal to 50%.
Classification systems
As has been published previously (Kolle et al., 2013; Sauer et al., 2016) , a variety of regional different classification systems are available. In particular, while the criteria for skin corrosion are comparable for the three classification systems assessed here, the cut-off scores used to differentiate between irritants and nonirritants have changed from an in vivo score of 2.0 (DSD, (EU, 1967) ) to 2.3 (UN GHS and CLP, (EU, 2008; UN, 2015) ). Hence the in vivo classification of some substances was changed. An overview of the DSD, UN GHS and CLP classification cut-offs is provided in Table 1 .
Results
For regulatory purposes skin irritation and corrosion studies were conducted in vitro followed by in vivo testing. All tests were conducted under GLP or GLP-like conditions (in vitro only). In total 92 agrochemical formulations were tested in vivo and in at least one of the in vitro tests. In vivo/in vitro data pairs for corrosion tests were available for 81 (74 liquid, 7 solid) formulations and for irritation tests for 65 (61 liquid, 4 solid) formulations including 54 (51 liquid, 3 solid) materials that were tested in all three tests. The results of the in vitro and in vivo skin irritation and corrosion tests are summarized in Table 2 .
The contingency table for the SCT in comparison to the in vivo data are shown according to the UN GHS (Table 3) classification system.
The resulting predictivity calculations for the SCT are summarized in Table 4 . The accuracy and specificity of the SCT predictions compared to in vivo classifications was equal or above 95%. The dataset included no agrochemical formulations classified as ''corrosive'' (UN GHS/CLP Category 1) by the in vivo test. An assessment of sensitivity of the SCT for corrosive materials was hence not possible. The SCT data set contained only seven solid agrochemical formulations (all non-corrosive), that were all correctly predicted (100% specificity and 100% accuracy).
The contingency table for the SIT in comparison to the in vivo data are shown according to UN GHS (Table 5A ) and DSD (Table 5B) classification systems.
The resulting predictivity calculations for the SIT are summarized in Table 6 . Sensitivity was below 50%, specificity was around 60%, and accuracy around 55% in both the CLP as well as DSD classification systems. The four solid agrochemical formulations in the SIT data set were all correctly predicted.
Of the 92 agrochemical formulations in the data set, in vivo and well as in vitro skin irritation and corrosion data was available for 54 agrochemical formulations. Of those 27 resulted were noncorrosive and also non-irritant in the in vitro tests (17 in vivo not classified, 2 UN GHS Cat 3, and 8 UN GHS Cat 2) and 27 were in vitro non-corrosive but irritant (10 in vivo not classified, 6 UN GHS Cat 3, and 11 UN GHS Cat 2), i.e. SCT and SIT were concordant in all cases.
Discussion
Besides animal welfare concerns, the Draize test has been criticized for its variability and high overprediction of human irritation responses (Basketter et al., 2004; Jirova et al., 2010; Robinson et al., 2001; Weil and Scala, 1971; Worth and Cronin, 2001) . During the last decade several in vitro methods to (partially) replace the Draize test have been adopted as OECD TGs. To reduce and refine in vivo skin irritation and corrosion testing, a modular approach is described the Guidance Document on Integrated Approaches to Testing and Assessment (IATA) for Skin Irritation/Corrosion (OECD, 2014) . This document describes how to integrate and use existing information in a weight of evidence approach and includes and into the dermis, in at least 1 tested animal after exposure. For DSD the risk phrase R35 is assigned if above effects were observed after exposure up to 3 min and risk phrase R34 is assigned if above effects were observed after exposure up to 4 h. Likewise UN GHS Sub-Cat 1A is assigned for corrosive responses after exposure of up to 3 min and up to 1 h observation, Sub-Cat 1B for corrosive responses after exposure longer than 3 min and up to 14 d observation, and Sub-Cat 1C for corrosive responses after exposure longer than 1 h up to 4 h and observations up to 14 d. To provide a comprehensive analysis the data shown here includes the data previously published in Kolle et al., (2013) . b C, corrosive (i.e., UN GHS Cat 1); I, irritant (i.e., UN GHS Cat 2); L, liquid; n/a; no data available; NC, not corrosive (i.e., not UN GHS Cat 1); Not cl, not classified according to UN GHS; S, solid. c Provided are the means of the two tissues tested per exposure time in the SCT. d Provided are the means of the three tissues tested in the SIT.
e Two values for SIT are provided as two runs have been conducted due to high intertissue variability of the first run conducted. Provided are the means of the three tissues tested in each run of the SIT. 
Numbers provided in parenthesis are number of liquid plus solid formulations of the total tested. 
Numbers provided in parenthesis are number of liquid plus solid formulations of the total tested. (OECD, 2015b) ). Nevertheless, regulations laying down data requirements for agrochemicals in the EU have introduced the legal requirement to use in vitro methods. In particular it is stated that validated in vitro methods for skin corrosion and irritation such as those based on human skin models should be used as part of a weight of evidence analysis before in vivo testing is considered (EU, 2013) .
We present here the retrospective analysis for a total of 92 agrochemical formulations comparing in vitro and in vivo skin irritation and corrosion results. For the SCT the current study comprised 81 data pairs resulting in 95% specificity and 95% accuracy (as no in vivo skin corrosive agrochemical formulations was contained in the data set it was not possible to determine sensitivity).
For SIT the current study comprised 65 data pairs resulting in 44% sensitivity, 60% specificity and 54% accuracy (predicting CLP). In a previous study published in 2013, specificity and accuracy for the SCT were both 91% based on 46 formulations. For the SIT 16 data pairs were available for our earlier analysis and 40% sensitivity, 64% specificity and 56% accuracy (predicting UN GHS) were reported in 2013 (Kolle et al., 2013) . The extended data set presented in the current study confirms the data reported earlier.
Unfortunately, systematic human data to assess how predictive the classification based on the Draize test is for agrochemical formulations is not available. Based on the Draize data most agrochemical formulations do not present an inherent skin corrosion hazard (Corvaro et al., 2017; Kolle et al., 2013) . As opposed to other in vitro tests that have been reported to exert excellent sensitivity to predict agrochemical formulations non-irritant to the eye (i.e., the EpiOcular EIT, Kolle et al., 2015) and others to lack sensitivity to predict severe ocular irritation of agrochemical formulations correctly (Kolle et al., 2015 (Kolle et al., , 2017 , the RhE based methods used to assess skin irritation seem to lack both sensitivity and specificity for agrochemical formulations.
Conclusion
Of the agrochemical formulations assessed in this study, none was skin corrosive in vivo. Hence although the SCT (81 data pairs) presented with an excellent specificity and accuracy (both 95%), sensitivity could not be determined (no skin corrosive formulations in the data set). Based on the data of 65 agrochemical formulations, the SIT presented with sensitivity, specificity and accuracy values of 44, 60 and 54%. The type of data provided in the current study should be considered to determine on how much weight should be given to in vitro data on skin irritation and corrosion for agrochemical formulations.
